The interaction between 2,5-ADP and NADPH-adrenodoxin reductase from bovine adrenocortical mitochondria was examined by titrating the enzyme with 2',5'-ADP, while the 31 P-signal8 of 2\5'-ADP were being monitored by "P-NMR. From the titration profile, the dissociation constant for the complex of the enzyme with 2,5-ADP was estimated to be 0.22 ± 0.05 mM. Adrenodoxin reductase was reconstituted with 1B C-enriched FADs. 
In the cytochrome P450-linked electron transport system in the adrenocortical mitochondria, NADPH-adrenodoxin reductase (NADPH:adrenal ferredoxin oxidoreductase) [EC 1.18.1.2] (ADR) catalyzes the initial electron transfer from NADPH to ADR to adrenodoxin (an iron-sulfur protein), playing pivotal roles in steroid hormone biosyntheses in adrenal cortex (1) (2) (3) (4) (5) . ADR is a flavoprotein with one molecule of FAD noncovalently bound to a subunit of 54,000 Da (6) . The amino acid sequence of bovine ADR has recently been deduced from the nucleotide sequence of cDNA (7, 8) . Though a preliminary crystallographic study has been reported (9) , the precise geometry of the flavinbinding region has not been available. Of fundamental importance with regard to the electron transfer mechanisms of flavoenzymes in general is how the reactivity of flavin, which otherwise is incapable of accepting electrons from NADPH, is so modulated by the surrounding environment in ADR that flavin acquires the potential capability to accept electrons from NADPH.
Numerous multinuclear NMR studies, particularly 13 Cand 15 N-NMR, of flavoproteins have proved that "C-and 16 N-signals derived from flavins labeled with these stable isotopes are sensitive to electronic state and accordingly to 1 This study was supported in part by a Grant-in-Aid for Scientific Research from the Ministry of Education, Science and Culture of Japan. Abbreviations: ADR, NADPH-adrenodoxin reductase; 2',5-ADP, adenosine 2',5'-diphosphate; PIPES, 1,4-piperannediethanesulfonic acid; TSP, 3-(trimethylsilyl)propionic acid-d,.
the reactivity of flavin bound to proteins. These techniques, therefore, are particularly suitable for elucidating the mechanisms of flavoenzyme catalyses. We have applied in this study the "C-NMR technique to ADR using "C-labeled FAD in the expectation that it would provide critical clues for understanding the molecular basis of the electrontransfer associated with ADR. The positions of 13 Cenrichment were the 2-, 4-, 4a-, and lOa-carbons of the isoalloxazine ring, partly because of the feasibility of the chemical syntheses and primarily because of the importance of these positions in the redox states as well as in the interactions with proteins, solvents, or ligands including substrates and the intermediates thereof.
The interactions of ADR with pyridine nucleotides have been studied mainly from kinetic points of view (10) (11) (12) (13) (14) . But little attention has been paid to the direct effects of these ligands on the electronic state of flavin. The present study concerns the effects of pyridine nucleotide bound to ADR on the electronic state of flavin in relation to the modulatory mechanism of the flavin function as the result of h'gand-binding. The ligands used were NADP + and adenosine 2',5'-diphosphate (2',5'-ADP). The former ligand has been found to inhibit competitively the NADPHferricyanide activity of ADR and to occupy the NADPH binding site (10, 12) . The latter ligand was found in the present study to inhibit competitively the NADPH-ferricyanide activity of ADR, presumably by competing at the site at which the 2',5'-ADP portion of NADPH is bound. (Note that NADPH consists of 2',5'-ADP and dihydronico-tinamide mononucleotide.)
MATERIALS AND METHODS
ADR was prepared from bovine adrenal cortex in a crystalline state following the procedure previously described (9) utilizing adrenodoxin-affinity chromatography (25) . The crystalline preparation was used for experiments. [ 2 -' 'C ] -, [4,10a-13 C 2 ]-, and [4o-"C]riboflavins (see Fig. 1 for the numbering of the isoalloxazine nucleus) were synthesized according to Yagi et al.(l6) and were led to the corresponding [ 13 C]FADs by Brevibacterium ammonwgenes FAD synthetase purified by the method of Manstein and Pai (27) . The percentage of enrichment at the 2-carbon was 91.4%, while that at the 4-, 4a-, or lOo-carbon was 90%. NADP+ and 2',5'-ADP were purchased from Sigma. 1,4-Piperazinediethanesulfonic acid (PIPES) was obtained from Dojin. Other chemicals were of the highest grade available from commercial sources and were used without further purification.
Reconstitution of apo ADR with "C-labeled FAD was carried out by incubation of apo ADR prepared according to Hiwatashi et al. (18) with a small molar excess of the labeled FAD at room temperature for about 1 h. The excess FAD was removed by repeated centrifugation through a Centriflow CF25 membrane (Amicon) with addition of the buffer for the next operation. The concentration of ADR was based on the molar extinction coefficient of 11,300 M-'-cnr 1 1 at 257 nm, respectively. The latter value was estimated from that of 15,000 M"'-cm"' at 257 nm for either adenosine 2'-phosphate or adenosine 5'-phosphate (20) .
The activity of ADR was measured as the NADPHferricyanide reductase activity. The reaction was carried out at 25'C in 50 mM potassium phosphate, pH 7.4, containing 0.92 mM potassium ferricyanide, 49 nM ADR, and 2',5'-ADP at various concentrations. The reaction was initiated by the addition of NADPH. The decrease of the absorbance of ferricyanide at 420 nm was followed. 31 P-NMR spectra were measured in a 10-or 16-mm NMR tube with a Varian XL200 spectrometer operating at 80.98 MHz. "C-NMR spectra were obtained in a 10-mm NMR tube with a Varian XL200 spectrometer operating at 50. 29 MHz or in a 5-mm tube with a JEOL GX400 spectrometer operating at 100.58 MHz. Chemical shifts in NMR samples in D 2 O buffers were direct readings of a pH meter calibrated with standard buffers in light water. The buffers used for 31 P-NMR and "C-NMR measurements were 25 mM PIPES, 0.1 M sodium chloride, pH 7.4, inD,0 and 50 mM sodium phosphate, pH7.4, in djO, respectively. All the NMR measurements were carried out at 22±1*C.
RESULTS

Interaction of 2',5'ABP
with ADR-2',5'-ADF has been used as an affinity ligand for purification of ADR (21, 22) and is presumed to exhibit affinity toward ADR by binding to the site which the 2',5'-ADP portion of NADP(H) would occupy. In order to confirm this, we examined the inhibitory effect of 2',5'-ADP on the activity of ADR. As shown in Fig. 2, 2 ',5'-ADP inhibits the NADPH-ferricyanide reductase activity of ADR competitively. From these results the inhibitor constant, K u was determined to be 0.28 mM. It is thus reasonable to assume that 2',5'-ADP binds to ADR at the site which would be occupied by the 2',5'-ADP portion of NADPH.
It has been shown previously that the 2'-phosphate group of the adenosine portion of NADPH is critical in the interaction of NADPH and ADR for electron transfer (23, 24) . For the assessment of this effect of the 2'-phosphate group, we studied the interaction of 2',5'-ADP with ADR, since 2',5'-ADP constitutes a half of the NADP(H) molecule and contains the critical 2'-phosphate in question. Moreover, studies on the interaction between 2',5'-ADP and ADR are expected to be significant in elucidating the role of the nicotinamide moiety of NADP(H) in the NADPH-ADR complex prior to electron transfer. The coupled spectrum (not shown) of free 2',5'-ADP gave triplet and doublet peaks at 4.55 and 4.68 ppm, respectively, the former was assigned to 5'-phosphate and the latter to 2'-phosphate. ADR was next titrated with 2',5'-ADP while the "P-NMR of 2',5'-ADP was being monitored. Spectra b-d in Fig. 3 are the S1 P-NMR spectra of 2',5'-ADP at various concentrations in the presence of ADR at a fixed concentration. In the presence of ADR, the 2'-phosphate signal was shifted to lower fields, while the 5'-phosphate signal underwent up-field shifts. These changes are also illustrated in Fig. 4 . Note that the lower-field signals (solid circles) and the higher-field signals (open circles) extrapolate asymptotically, at infinite concentration of 2',5'-ADP, to 4.68 and 4.55 ppm, respectively, for free 2',5'-ADP. This is consistent with the down-field and up-field shifts of the 2'-and 5'-phosphate signals, respectively, when 2',5'-ADP is bound to ADR. As shown in Fig. 3 , in the presence of ADR at any molar ratio to 2',5'-ADP, a single resonance was observed for either 2'-phosphate or S'-phosphate rather than two separate peaks, one for the free state and the other for the bound state of 2',5'-ADP. This indicates that the bound and free states of the ligand were in a rapid exchange on the NMR time scale. The signals observed, therefore, represent the weighted average of those of the bound and free ligand. The data points for 2'-phosphate together with those for 5'-phosphate were simulated by the least-squares method with the dissocia- (Fig. 2) . 13 
C-NMR of ADR Reconstituted with 13 C-Enriched FAD -ADR was reconstituted with [2-
13 C]-, [4,10a-13 C 2 ]-,and [4a- 13 C]FAD and the "C-NMR spectra of these reconstituted preparations were measured. Figure 5 shows the full-region C (trace a) overlapped to some extent with the protein peak due to the natural abundance contribution from the guanidino carbons of arginine residues and the hydroxyl-bearing carbons of tyrosine residues (26), the peak position for 2-1J C was clearly discernible when compared with the other spectra (traces b and c). The chemical shifts of the 2-, 4-, 4a-, and 10a-13 C resonances were 160.6, 165.1, 136.6, and 152.4 ppm, respectively.
The interaction of ADR with 2',5'-ADP was examined by 13 C-NMR with 13 C-FAD-reconstituted ADR. The 13 C-NMR spectra of ADR were measured in the presence of 5 mM 2',5'-ADP; the amount (5 mM) of the ligand present was sufficient to saturate ADR for the complex formation as judged from the dissociation constant, 0.22 mM, for the complex (see the preceding section) and the concentration of ADR (0.2 mM). The 2-, 4-, 4a-, and 10a- 13 C resonance peaks for ADR-2',5'-ADP complex were observed at 160.7, 165.1,136.5, and 152.3 ppm, respectively. These chemical shifts are practically the same as those for uncomplexed ADR. The chemical shift values for the complexed and uncomplexed ADR are summarized in Table I in compari- son with other relevant sets of data. 13 C-NMR spectra were next measured for the ADR-NADP + complex with 13 C-FAD-reconstituted ADR. Figure  7 presents the 13 C-NMR spectrum of [4a- 13 C]FAD-reconstituted ADR in the presence of a subsaturating amount of NADP+; the reconstituted enzyme was in a slight molar excess over NADP + . As can be seen in the figure, two separate peaks for 4a-"C were observed, one at 136.6 and the other at 138.0 ppm. Since the former corresponds to the uncomplexed ADR as shown above, the latter was assigned to the ADR-NADP + complex. Moreover, the latter signal, corresponding to ADR-NADP + complex, showed a shift to lower field by 1.4 ppm relative to the uncomplexed ADR. That the two separate peaks, i.e., one for the uncomplexed and the other for the complexed ADR, were observed indicates clearly that the exchange between bound and unbound NADP + was sufficiently slow in the time scale of this NMR experiment. Figure 8 shows the 13 C-NMR spectra of [4,10a-13 C 2 ]FAD-reconstituted ADR in the uncomplexed form and in the complexed form with NADP + , the amount of which was sufficient to saturate ADR in the complexed state, as judged by the dissociation constant of the order of 10" 5 M under the conditions employed (24) and the concentrations of ADR (0.2 mM) and NADP+ (2 mM). While the 10a- 13 C peak for the complex was observed at 151.7 ppm, a higher field by 0.7 ppm from uncomplexed ADR, the [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C peak appeared at a lower field of 163.0 ppm from uncomplexed ADR by 2.1 ppm. In contrast, the 2-13 C resonance was insensitive to complex formation with NADP+; the 2-13 C signal for ADR-NADP + complex was at 160.7 ppm, which is identical to that for uncomplexed ADR within the experimental error. Table I , which also includes those for free FAD and those for FMN at infinite dilution (28) . It is generally accepted that FAD in flavoenzymes is in an extended form rather than in a stacked conformation in which the adenine and flavin rings interact face-to-face with each other. This is manifested in all FAD-enzymes with known crystallographic geometry of the bound FAD (29) (30) (31) (32) . Moreover, flavin species in aqueous solution tend to aggregate and FAD in aqueous media tends to take the stacked conformation. The Table I should, therefore, be used as references for those of protein-bound FAD.
All the 13 C-chemical shifts for free ADR are at higher field relative to those of FMN (Table I) , implying the JZ-electron richness of the flavin nucleus in ADR relative to free FMN in aqueous solution. This electron-richness may be partly a result of the weaker hydrogen-bondings at C(2) = 0 and C(4) = 0 in ADR than those in free FMN, as reflected in the up-field shifts for 2-13 C and 4-13 C of ADR from those of free FMN. FAD bound to ADR is thus less likely to accept electrons than free flavin. This point will be discussed later.
Though 2',5'-ADP did not perturb the flavin moiety upon binding to ADR as revealed by 13 C-NMR of the l3 C-FADreconstituted ADR, both of the phosphate groups of 2',5'-ADP underwent appreciable perturbation upon binding to ADR (Figs. 3 and 4) . It should be remembered that NADP(H) consists of the 2',5'-ADP moiety and (reduced) nicotinamide mononucleotide moiety, the latter being the site of electron donation to flavin. Accordingly, the 2'-phosphate of 2',5'-ADP corresponds to 2'-phosphate of NADP-(H) and the 5'-phosphate to one of the pyrophosphate phosphoruses of NADP(H). Moreover, it was shown that 2',5'-ADP inhibited competitively the ferricyanide reduction of ADR with NADPH as a substrate (Fig. 2) . It is, therefore, reasonable to conclude that 2',5'-ADP interacts with ADR at the same site that would be occupied by the 2',5'-ADP portion of NADP(H). That the "P-signal due to 2'-phosphate of 2',5'-ADP exhibited a low-field shift when bound to ADR is in accord with the previous results (24) that 2'-phosphate of NADP+ shifted to a lower field when it was bound to ADR. The up-field shift of the 5'-phosphate of 2',5'-ADP when bound to ADR is also consistent with the up-field shift of one of the two "P-signals derived from the pyrophosphate of NADP+ (24) .
In dinucleotide-binding enzymes in general (whether the dinucleotide is flavin dinucleotide or nicotinamide dinucleotide), the pyrophosphate moiety interacts with the alpha-helix dipole of the protein and takes an extended orientation so that the adenine ring and the flavin or nicotinamide ring are located remotely from each other (28) and corrected for TSP reference (34) . (33) . Thus when NADP(H) is bound to ADR, the 2',5'-ADP moiety is assumed to occupy a site remote from the flavin ring with which the nicotinamide moiety must interact for electron transfer. This picture explains the insensitivity of the flavin 13 C-signals of ADR upon complex formation with 2',5'-ADP (Table I) . Moreover, 2',5'-ADP-bindingto ADR had no effect on the visible absorption spectrum of bound FAD (results not shown), so that absorption spectrometry was inappropriate for estimating the strength of binding between ADR and 2',5'-ADP. However, the dissociation constant for the complex was estimated to be 0.22 mM from the 3l P-NMR titration (Figs. 3 and 4) ; the dissociation constant for NADP+-ADP complex was reported to be of the order of 10~5 M under the conditions employed (24) . Even though the latter is smaller than the former, the difference is only one order of magnitude. This implies that the binding strength of NADP + to ADR arises largely from the affinity of the 2',5'-ADP portion of the ligand to ADR.
In contrast to 2',5'-ADP-binding, NADP+'binding to ADR exhibited a pronounced effect on the flavin moiety in terms of the chemical shift changes (Table I) . This indicates the proximity of the nicotinamide moiety to the isoalloxazine ring, being compatible with the occurrence of electron transfer from the nicotinamide moiety of NADPH to the isoalloxazine system. The greatest shift change observed upon binding to NADP+ was an up-field shift of the 4-13 C resonance by 2.1 ppm relative to uncomplexed ADR. This up-field shift may be explained by the weakening of the hydrogen-bonding at C(4) = O when NADP + is bound to ADR. The sensitivity of the 4-13 C and 2- 13 C resonance signals to the strengths of the hydrogen-bondings at C(2) = 0 and C(4)= O has been pointed out in the systematic studies by Moonen et al. (28) . The weakening of the hydrogen-bonding at C(4) = O upon binding of NADP+sug-gests that in the NADP + -ADR complex the nicotinamide moiety lies close to the flavin C(4) = O so that the hydrogenbonding originally present between C(4) = 0 and the protein is weakened or even disrupted. Similar weakening of C(4) = O-protein hydrogen bonding has also been suggested upon ligand-biding to D-amino acid oxidase (34, 35) . In this context, it should be emphasized that the hydrogen-bonding network, including those at C(2) = O and C(4) = O, between flavin and protein or ligands is an important factor controlling the reactivity of flavin as demonstrated by molecular orbital calculations (36) (37) (38) .
The down-field shift observed for 4a-I3 C by 1.4 ppm seems particularly important from a mechanistic point of view, since this position is within the redox center of the isoalloxazine system and is one of the electron-accepting sites of flavin. The down-field shift at this position implies lower electron density at C(4a) of isoalloxazine when NADP+is bound. This can be extended to the NADPH-ADR complex prior to the electron transfer. Namely, when NADPH is bound to ADR, forming a transient enzymesubstrate complex, C(4a) of flavin becomes electrondeficient relative to that in the uncomplexed ADR. This effect would raise the electron-accepting capability in the enzyme-substrate complex. The moderate up-field shift of C(10a) upon NADP^binding can be interpreted along this line; in the ADR-NADP(H) complex, electron was withdrawn from C(4a) toward C(10a), where the electron density is somewhat elevated. Likewise, the up-field shift of C(4) in the ADR-NADP + complex can be partly explained by electron withdrawal from C(4a) toward C(4), so that the great up-field shift of C(4) would be partly due to weakening of hydrogen bonding as discussed above and partly due to the electron withdrawal from C(4o). We plan to examine this mechanism in more detail by other means such as 
